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Using natural minerals as persulfate activators can develop effective and economical in situ chemical oxi-
dation technology for environmental remediation. Yet, few natural minerals can provide a high activation
efficiency. Here, we demonstrate that brochantite (Cu4SO4(OH)6), a natural mineral, can be used as a per-
sulfate activator for the rapid degradation of tetracycline hydrochloride (TC-H). Approximately 70% of TC-
H was removed in Cu4SO4(OH)6/PDS within 5 min, which much higher than that of Cu3P (61.99%), CuO
(29.75%), CNT (25.83%), Fe2O3, (14.48%) and MnO2 (9.76%). Experiments and theoretical calculations sug-
gested that surface copper acts as active sites induce the production of free radicals. The synergistic effect
of Cu/S promotes the cycle between Cu+/Cu2+. Sulfate radicals and hydroxyl radicals are the main reactive
oxygen species that are responsible for the rapid removal of TC-H. The findings of this work show a novel
persulfate/brochantite system and provide useful information for the environmental remediation.

� 2020 Elsevier Inc. All rights reserved.
1. Introduction (ISCO) to purify the contaminated water bodies because they are
Persulfates (including peroxymonosulfate (PMS) and peroxy-
disulfate (PDS)) are commonly used for in situ chemical oxidation
not only relatively cheap and stable than hydrogen peroxide
(H2O2) but also can work in a wide pH range.[1,2] Persulfate can
be activated to produce sulfate radicals (SO4

�-), hydroxyl radicals
(�OH)) and other active substances, thereby degrading most
organic contaminants rapidly. Ultraviolet[3], base[4], heat[5,6],
transition metal ions,[7,8] metal oxides,[9–11] metal sulfide,[12]
metal phosphide,[13] graphitic carbon nitride[14,15] and carbon
materials,[16,17] have been reported to be effective in persulfate
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activation process. Recently, it has also been reported that natural
metal nanoparticles[18] cobalt or iron-based minerals[19] and
organic compounds[20] are capable of activating persulfate to
degrade contaminants. Understanding the interaction between
these natural substances and persulfate could provide some useful
and fundamental information for finding or designing new cata-
lysts. However, current research is mainly focused on metal
oxide-based minerals, and little is known about the effects of other
natural substances, especially some hydroxysulfate based miner-
als, on the activation of persulfate.

Copper hydroxysulfate (Cu4SO4(OH)6), namely brochantite, is a
common mineral and the corrosion product of copper metals and
alloys.[21] Additionally, it is also used as fungicides or spray for
seed treatment or control of plant fungal diseases.[22] Several pre-
vious studies showed that brochantite can be utilized for enzyme
immobilization[23] and synthesize copper oxide.[24] Few reports
have been devoted to investigated its intrinsic catalytic perfor-
mance yet. Recently, Xiao et al.[25] showed that Cu4SO4(OH)6
exhibited good catalytic activity for catalytic H2O2 oxidation, and
Cu2+ was speculated to be the catalytic active species in this pro-
cess. Similarly, Huang et al.[26] investigated the effects of the mor-
phology of Cu4SO4(OH)6 on catalytic performance toward the
degradation of phenol with the aid of H2O2. They found that Cu4-
SO4(OH)6 with more mesopores facilitated the diffusion of phenol,
leading to better catalytic activity. However, detailed research on
the catalytic mechanism of Cu4SO4(OH)6 based ISCO process is still
lacking. It is unclear whether Cu4SO4(OH)6 can react with persul-
fate and what reaction mechanism would be involved in this pro-
cess. Recent works showed that in addition to traditional free
radical pathways, a nonradical pathway was involved in the pro-
cess of persulfate activation by either mediated electron transfer
or singlet oxygenation.[27,28] Therefore, there is an urgent need
to systematically study the catalytic behavior and mechanism of
Cu4SO4(OH)6/persulfate system. More importantly, because
brochantite is widely distributed in the natural environment, it is
of great significance to study the interaction between Cu4SO4(OH)6
and persulfate and the effects on the degradation of contaminants.

This work is primarily focus on following issues: (i) can persul-
fate be activated by Cu4SO4(OH)6; (ii) can Cu4SO4(OH)6 be used as a
high-efficient catalyst for persulfate to degrade pollutants; and (iii)
what is the underlying mechanism of this catalytic process. To
answer the above questions, Cu4SO4(OH)6 and PDS were employed
as the catalyst and oxidant to degrade a model pollutant, tetracy-
cline hydrochloride (TC-H). The catalytic performance, kinetics,
and mechanism were thoroughly investigated by detailed experi-
mental techniques and density function theory (DFT) calculation.
Its advantages over other common catalysts were also investigated
in aspects of catalytic performance. Effects of initial pH, tempera-
ture, inorganic ion, catalysts dosage, and oxidants dosage on the
PDS activation process were further investigated. Additionally,
the stability of Cu4SO4(OH)6 was also evaluated.
2. Experimental section

2.1. Chemical Agents and Characterization method are provided in
Supporting Information (Text S1-2).
3. Materials preparation

NaOH solution (15 ml, 0.1 M) was added into CuSO4 solution
(20 ml. 0.1 M), and then L-ascorbic acid solution (5 ml, 0.1 M)
was injected rapidly and kept stirring for 30 min. Finally, Na2S�9H2-
O (2 ml, 0.1 M) was added into above mixed solution and kept stir-
ring until the aqueous color became blackish green. After washing
and drying, Cu4SO4(OH)6 sample was obtained. Several metal oxi-
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des (i.e., MnO2, Fe2O3, Cu2O, and CuO) and carbon nanotube were
purchased from Aladdin. CuS was obtained by direct reaction of
CuSO4 and Na2S�9H2O at room temperature (RT). Cu3P was pre-
pared according to the previous report.[13]

3.1. Catalytic experiments

The degradation experiment was performed in a 50 ml beaker
at RT. 5 mg of catalysts was suspended in the reaction solution
(50 ml, 20 mg/L TC-H). Then, the PDS stock solution (K2S2O8 from
Aladdin) was added into above reaction solution to trigger the
degradation reaction. At a given interval time, 1 ml of suspension
was withdrawn and filtered through 0.45 lm filter membrane for
further analysis. The concentrations of TC-H were measured by
the optical absorption at 357 nm with a UV–vis spectrophotome-
ter. PDS concentration was tested by potassium iodide method
(Text S3).[29] pH tested by a pH meter (FE28, Mettler Toledo).
The production of radicals was detected by electron paramagnetic
resonance (JES FA200) (Text S4). Dissolved copper was tested by an
inductively coupled plasma emission spectrometer (ICP-OES, Agi-
lent 725 ICP-OES).

3.2. Density function theory (DFT) calculation

All structure optimization calculations were performed using
Materials Studio (MS) program with Cambridge serial total energy
package (CASTEP) code.[30] GGA-PBE0 functional formalism was
applied with normconserving pseudopotentials. The Monkhorst–
Pack scheme was used to construct the k-point meshes for Bril-
louin zone sampling.
4. Results and discussions

4.1. Catalytic activity of Cu4SO4(OH)6

The as-prepared Cu4SO4(OH)6 was mainly in irregular bulk form
with a diameter of 0.2 ~ 2 lm (Figure S1). The XRD patterns (Fig-
ure S2a) were consistent with the monoclinic structure of Cu4SO4(-
OH)6 samples (PDF# 43–1458).[26] Besides, a small amount of CuS
(PDF# 06–0464) impurities appeared, which may be originate from
the preparation process. The XPS survey spectra (Figure S2b)
showed that the sample contained only Cu, O, S, and C elements
and no other impurities appeared.

The catalytic activity of as-prepared Cu4SO4(OH)6 to activate
PDS for the degradation of TC-H was studied. As shown in
Fig. 1a, PDS alone had almost no activity for the degradation of
TC-H, and Cu4SO4(OH)6 itself only had very limited absorption
toward TC-H. In contrast, approximately 80% of TC-H was removed
in Cu4SO4(OH)6/PDS with 4 min, indicating that efficient PDS acti-
vation by Cu4SO4(OH)6 was achieved. Additionally, under the same
experimental conditions, only 20% of TC-H was removed in CuS/
PDS within 4 min (Figure S3). Considering the low content of CuS
impurities in the as-prepared catalyst, the TC-H degradation
caused by impurities can be ignored. Therefore, the above results
showed that the entire reaction process was dominated by Cu4-
SO4(OH)6-based heterogeneous catalysis. The removal efficiency
of TC-H by PDS oxidation using Cu4SO4(OH)6, CuO, Cu3P, Fe2O3,
MnO2, and CNT as catalysts were further evaluated (Fig. 1b).
Among these catalysts, the removal efficiency of TC-H was in the
order of Cu4SO4(OH)6 (69.98%) > Cu3P (61.99%) > CuS
(30.31%) > CuO (29.75%) > CNT (25.83%) > Fe2O3 (14.48%) > MnO2

(9.76%). The result clearly showed that Cu4SO4(OH)6 was a promis-
ing catalyst for PDS activation. It displayed the highest activity
among these common catalysts under our experimental
conditions.



Fig. 1. The evaluation of catalytic activity of Cu4SO4(OH)6. (a) The degradation of TC-H in Cu4SO4(OH)6/PDS system. (b) The degradation of TC-H in different system.
Experimental conditions: [TC-H] = 20 mg/L, [PDS] = 0.45 mM, [Catalysts] = 0.1 g/L.
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To the best of our knowledge, this is the first study about the
high activity Cu4SO4(OH)6 in heterogeneous catalytic PDS activa-
tion. Further research was performed to investigate the kinetics,
mechanism, stability, and some influence factors in Cu4SO4(OH)6/
PDS system, which could be beneficial to evaluate its practical
application and provide some fundamental information.
4.2. Kinetic model

The overall reaction rate equation can be expressed in equation
(eq) 1 or eq 2, where k represents the apparent reaction rate con-
stant; a and b represent reaction order. Firstly, we supposed that
the initial concentration of Cu4SO4(OH)6 in Cu4SO4(OH)6/PDS sys-
tem is [Cu4SO4(OH)6]0, the concentration of PDS is [PDS]0, thus
the reaction rate at t = 0 can be described as eq 3 or eq 4.

v = �(dc/dt) = k[Cu4SO4(OH)6]a[PDS]b (1)

�lg(dc/dt) = lgk + alg[Cu4SO4(OH)6] + blg[PDS] (2)

v = �(dc/dt) = k[Cu4SO4(OH)6]0a[PDS]0b (3)

�lg(dc/dt) = lgk + alg[Cu4SO4(OH)6]0 + blg[PDS]0 (4)

Secondly, a sequence of Cu4SO4(OH)6 with different dosages
was used in the TC-H solution, but the concentrations of PDS was
fixed. Then, the degradation curve of TC-H versus (vs) time was
recorded. The equation of this curve can be acquired, where t
and c represent the independent variable and dependent variable,
respectively. The equation derivative can be expressed to -lg(dc/dt)
at different [Cu4SO4(OH)6]0 values at t = 0. Since the dosages of PDS
is fixed, lgk + blg[PDS]0 is constant. Therefore, -lg(dc/dt) has a lin-
ear relationship with [Cu4SO4(OH)6]0. Using -lg(dc/dt) as the
dependent variable and [Cu4SO4(OH)6]0 as the independent vari-
able, an linear curve can be obtained, where the slope is a, and
the intercept is lgk + blg[PDS]0. Similarly, the data for b, and
lgk + alg[Cu4SO4(OH)6]0 can also be figured out. Finally, the value
of k can be calculated and the overall reaction rate equation can
be established. The details of these calculations can be found in
Fig. 2 and TableS1-2.

As shown in Fig. 2a, plotting -lg(dc/dt) vs lg([Cu4SO4(OH)6]0)
output a straight line with a slope approximating 0.081 and inter-
cept approximating 1.086 (eq 5), indicating that a was 0.081 and
that lgk + blg[PDS]0 was equal to 1.086. Similarly, we can also
acquire that b was 0.904 and that lgk + alg[Cu4SO4(OH)6]0 was
equal to 1.240 (Fig. 2b and eq 6). The total reaction rate constant
k was calculated to be 22.91 by the combination of eq 5–6. There-
fore, under our experimental conditions, the total reaction rate
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equation can be expressed as eq 7. The overall reaction order
(a + b) is between zero- and first-order kinetics.

�lg(dc/dt) = 1.086 + 0.081 � lg [Cu4SO4(OH)6]0 (5)

�lg(dc/dt) = 1.240 + 0.904 � lg [PDS]0 (6)

v = 22.91[Cu4SO4(OH)6]0.081[PDS]0.904 (7)
4.3. Reaction mechanism

4.3.1. Identification of active substances
To explore the reaction mechanism of Cu4SO4(OH)6/PDS system,

the generation of reactive oxygen species (ROSs) were identified by
electron paramagnetic resonance (EPR) technology and ROSs
quenching experiment. 5,5-dimethyl pyrroline-oxide (DMPO) was
used as the spin trapping reagent to detect the production of
SO4

�- and �OH.[31] As shown in Fig. 3a, no EPR signals can be
detected in PDS alone, indicating that un-activation PDS cannot
produce radicals. However, the obvious EPR signals of DMPO-SO4

�-

and DMPO-�OH were appeared in Cu4SO4(OH)6/PDS system, sug-
gesting that both SO4

�- and �OH were generated. To further identify
the role of ROSs, the removal of TC-H by Cu4SO4(OH)6/PDS system
was carried out in the presence of different sacrificial agents,
where ethanol (EtOH), isopropanol (IPA), and L-histidine were used
as the scavengers for SO4

�-, �OH[32], and singlet oxygen (1O2).[33]
When EtOH, IPA and L-histidine added into Cu4SO4(OH)6/PDS sys-
tem, the remove efficiency of TC-H obviously decreased (Fig. 3b),
suggesting that SO4

�-,�OH, and 1O2 play important roles during
the degradation process.

It should be pointed out that using L-histidine or azide as 1O2

scavengers may cause misinterpretation on persulfate activation
processes because these substances can directly react with persul-
fate.[27] Actually, after carefully analyzing the reaction process, we
believed that 1O2 could not result in an obvious TC-H degradation
under our experimental conditions. On the one hand, PDS itself can
be decomposed to produce a large amount of 1O2. If 1O2 is the main
active substance, then the un-activated PDS should also have a cer-
tain catalytic activity for the degradation of TC-H, which is incon-
sistent with the experimental results. On the other hand, the CNT/
PDS system, a well-known 1O2 generation system, was employed
to degrade TC-H and compared with Cu4SO4(OH)6/PDS system. Fig-
ure S4 showed that CNT/PDS system had no obvious catalytic activ-
ity for the degradation of TC-H, but had a certain adsorptive
property, which was contrary to the Cu4SO4(OH)6/PDS system. This
result showed that the reaction mechanism of the two systems was
different and 1O2 played a negligible role in the degradation pro-
cess of TC-H. Additionally, nonradicals mechanism through direct



Fig. 2. Apparent kinetic equations. The fitting line between -lg(dc/dt) and lg[Cu4SO4(OH)6]0. The fitting line between -lg(dc/dt) and lg[PDS]0.

Fig. 3. Identification of active substances. (a) EPR spectra for the test of free radicals. (b) The degradation of TC-H by Cu4SO4(OH)6/PDS system in the presence of different
radical sacrifice agents.
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electron transfer from pollutants to PDS/Catalyst (e.g., CuO[34])
also can be excluded because PDS can be efficiently decomposed
by Cu4SO4(OH)6 regardless of with or without TC-H (Figure S5).
To sum up, the activation mechanism of PDS by Cu4SO4(OH)6
may be dominated by a radical-based reaction.

4.3.2. Identification of the active site
A recent study showed that some functional groups such as –

C@O, –OH, and –COOH may be catalytic active sites in PDS activa-
tion.[35] Duan et al. used 1,2-dihydroxybenzene to mimic –OH
group to probe the role of –OH group.[16] They revealed that –
OH group was not the main active sites for PDS activation. Our
experimental results also demonstrated this conclusion. The XPS
spectra of O 1 s peak are shown in Figure S6. The main peak at
531.8 eV and 533.2 eV were attributed to the –OH component
and the O in adsorbed H2O.[36] After the reaction, there was
almost no change in the O 1 s peak, indicating that the –OH com-
ponent may not participate in the activation process. Therefore, the
–OH group in Cu4SO4(OH)6 was not the main active site in PDS
activation.

Interestingly, The Cu 2p peak undergoes slightly variations after
reaction (Fig. 4a). For the fresh Cu4SO4(OH)6, the Cu 2p spectra
included two main peaks, Cu 2p3/2 and Cu 2p1/2, respectively. The
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peaks can be deconvoluted and each peak can be fitted to two
peaks (approximately 932.0 eV and 934.5 eV for Cu 2p3/2,
951.8 eV, and 954.2 eV for Cu 2p1/2).[37] The peaks located at
932.0 eV and 951.8 eV corresponding to Cu+, while the peaks
located at 934.5 eV and 954.2 eV corresponding to Cu2+. Because
Cu4SO4(OH)6 involved two types of Cu–O bonds, namely Cu–O–
Cu bond and Cu–O–SO3, representing a combination of Cu2O and
CuSO4 type contributions.[37,38] After the reaction, the percentage
of Cu+ component versus Cu2+ component decreased, indicating
that the oxidation of surface Cu+ occurs during the reaction pro-
cess. Given that there was no drastic change in shape of Cu 2p peak
after the reaction, indicating that there were still many Cu+ and
Cu2+ species on the surface of Cu4SO4(OH)6, revealing the good
recycle of Cu2+/Cu+ in Cu4SO4(OH)6/PDS system. Fig. 4b showed
the S 2p spectra of Cu4SO4(OH)6. The peaks located at 161.79 eV,
163.01 eV, and 164.04 eV were assigned to S2-, Sn2- and S0, respec-
tively.[12] Meanwhile, it was observed the proportion of S2-and
Sn2- decreased from 49.68% and 22.31% to 41.4%, and 17.13%,
respectively, while the percentage of S0 increased from 28.01% to
41.45%, indicating that S2-and Sn2- species may be oxidized to S0
during the activation process. Thus, both surface Cu and S are
involved in this reaction and may exist a synergistic effect. This sit-
uation was similar to that of CuFeS2, where S2- facilitated the



Fig. 4. Identification of active sites. (a) The variation of XPS spectra of Cu 2p before and after reaction. (b) The variation of XPS spectra of S 2p before and after reaction. (c)
The degradation of TC-H by Cu4SO4(OH)6/PDS system in the presence of EDTA. (d) TC-H degradation by PDS oxidation with various catalysts and different combinations.
Experimental conditions: [TC-H] = 20 mg/L, [PDS] = 0.45 mM, [Catalysts] = 0.1 g/L.
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cycling of Cu2+/Cu+ and Fe3+/Fe2+.[39] Therefore, a possible synergy
reaction mechanism was proposed (eq 8–14).

�Cu+ + S2O8
2- ? �Cu2+ + SO4

2- + SO4
� - (8)

�Cu2+ + S2O8
2- ? �Cu3+ + SO4

2- + SO4
�- (9)

�Cu3+ + H2O ? �Cu2+ + �OH + H+ (10)

2 �S2- + 2 �Cu2+ ? 2 �Cu+ + �Sn2- (11)

�Sn2� + 2 �Cu2+ ? 2 �Cu+ + �S0 (12)

SO4
� - + H2O ? �OH + SO4

2- + H+ (13)

SO4
� -/�OH + TC-H ? Products (14)

To further identify the role of Cu+/Cu2+, ethylene diamine tetra-
acetic acid (EDTA), a chelating agent, was added into the Cu4SO4(-
OH)6/PDS system. The carboxyl groups of EDTA can coordinate
with surface Cu to form the metal-carboxyl complex,[40] which
could cover active sites for PDS activation, thereby lowing TC-H
degradation efficiency. As shown in Fig. 4c, the removal efficiency
of TC-H was suppressed gradually as the EDTA concentration
increased, implying that surface Cu was involved in the PDS activa-
tion. A series of combinations of CuS, CuO, and Cu3P were
employed to investigate the role of S for PDS activation (Fig. 4d).
The removal efficiency of TC-H within 5 min was in the order of
Cu3P/CuS (82.5%) > Cu3P (62%) > CuO/CuS (58.4%) > CuS
(30.3%) > CuO (26.2%). Theoretically, the removal efficiency of the
Cu3P/CuS should be between those of Cu3P and CuS. However,
the Cu3P/CuS displayed better catalytic activity than both pure
Cu3P and pure CuS. Similarly, CuO/CuS also showed better than
CuO or CuS alone. These results suggesting that a synergistic effect
between �S2- and �Cu+ or �Cu2+ occurred during the PDS activa-
tion. �S2- could keep recycling of �Cu2+/Cu+ by donating an elec-
tron to regenerate �Cu sites. In conclusion, the above results and
discussions demonstrated that �Cu in Cu4SO4(OH)6 was the active
site for PDS activation, and �S2- can maintain the recycle of �Cu2+/
Cu+. The hydroxy group played a negligible role in the PDS activa-
tion process.
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4.3.3. Theoretical calculation
DFT calculation was carried out to further uncover the mystery

of the reaction mechanism in the Cu4SO4(OH)6/PDS system. The
structure models of Cu4SO4(OH)6 are displayed in Fig. 5a. To study
the bonding behavior between the atoms, the electron density dif-
ference map was investigated (Fig. 5b) and a plane containing Cu,
S, and O atoms was chosen. As shown in Fig. 5c, electron mainly
accumulated around the O atoms and consumed around the Cu
atoms, indicating that positively charged Cu atoms had greater
potential for the adsorption of PDS through electrostatic attraction.
To further reveal the situation of electron transmission between
Cu4SO4(OH)6 and PDS, the electron density difference map was
performed at Cu4SO4(OH)6-PDS interface (Fig. 5d). In Cu4SO4(OH)6/
PDS system electron mainly accumulated around the O atoms of
PDS adjacent to Cu atoms of Cu4SO4(OH)6 (Fig. 5e), suggesting that
electron tend to transfer from Cu atoms of Cu4SO4(OH)6 to O atoms
of PDS (Fig. 5f). This electron transfer process is also confirmed by
electrochemical analysis. As observed in Figure S7, when PDS was
added Na2SO4 solution, an obvious current signal was generated on
the Cu4SO4(OH)6 electrode, indicating that Cu4SO4(OH)6 donated
electrons to PDS, leading to a sudden increase in current. Therefore,
Cu atoms as adsorption and active sites donated electrons to PDS to
generate free radicals. The theoretical calculation results are con-
sistent with the previous experimental results.
4.4. Influence factors

4.4.1. Influence of pH.
Figure S8a showed the variation of TC-H removal efficiency at

different pH. The Cu4SO4(OH)6/PDS displayed the highest TC-H
removal efficiency at pH 7. The removal efficiency decreased under
acidic or alkaline conditions. Under acidic conditions, the removal
rate of the TC-H is related to the adsorption of Cu4SO4(OH)6 toward
TC-H. As the pH decreases, the adsorption of TC-H by Cu4SO4(OH)6
decreased. However, Cu4SO4(OH)6 can be ‘‘etched” in the alkaline
environment (eq 15).[41] Thus, the catalytic performance was



Fig. 5. Density function theory calculation studies of Cu4SO4(OH)6. (a) The structure models of Cu4SO4(OH)6. (b) The calculation of electron-density difference of
Cu4SO4(OH)6. (c) The electron-density difference map of Cu4SO4(OH)6. (d) The calculation of electron-density difference at Cu4SO4(OH)6-PDS interface. (e) The electron-
density difference map of Cu4SO4(OH)6/PDS. (f) Schematic illustration of electron transfer at Cu4SO4(OH)6-PDS interface.
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greatly decreased under alkaline conditions due to the damage of
the catalyst.

Cu4SO4(OH)6 + 2OH–? 4Cu(OH)2 + SO4
2- (15)

4.4.2. Influence of natural organic matter and inorganic ion
The degradation of organic contaminants induced by radicals in

actual water bodies is commonly inhibited by some natural organic
matter and inorganic ion.[14,33] Therefore, humic acid (HA), chlo-
ride ions (Cl-), and bicarbonate ions (HCO3

–) were chosen as repre-
sentative species to investigated influences on TC-H degradation in
Cu4SO4(OH)6/PDS system. As shown in Figure S8b, the degradation
of TC-H was distinctly suppressed in presence of HA, Cl-, or HCO3

–,
indicating that side reactions between these specials and radicals
have occurred. This result further proved that the entire reaction
is a radical reaction. HCO3

– and Cl- can scavenge active radicals to
produce less active oxidative species, resulting in the suppression
of the degradation (eq 16–21).[42] HA caused an obvious inhibition
of the degradation of TC-H because it is a powerful competitor.

SO4
�- + Cl- ? SO4

2- + Cl- (16)

�OH + Cl- ? ClOH�- (17)

Cl- + H2O? ClOH�- (18)

ClOH�- + Cl- ? Cl2- (19)

SO4
�- + HCO3

– ? CO3
�- + SO4

2- + H+ (20)

�OH + HCO3
– ? CO3

�- + H2O (21)

4.4.3. Influence of the dosage of Cu4SO4(OH)6 and PDS
As the dosage of Cu4SO4(OH)6 increases from 1mg to 10 mg, the

removal efficiency of TC-H was also improved (Figure S 9a). The
improved TC-H removal efficiency can be attributed to the more
active sites from higher Cu4SO4(OH)6 dosage. Similarly, the
removal efficiency increased with the increase of PDS concentra-
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tion. In particular, the maximum removal efficiency of TC-H was
achieved under the PDS concentration of 0.45 mM (Figure S9b).
Higher doses of PDS could accelerate the production of free radi-
cals, thereby improving the degradation of TC-H. However, exces-
sive PDS would consume reactive oxidation species, which are
harmful to the catalytic process.[43] Additionally, the influence
of reactive temperature on the degradation of TC-H was also inves-
tigated. As observed in Figure S10, elevated temperature from 25℃
� 45 ℃ slightly enhanced the degradation of TC-H in the Cu4SO4(-
OH)6/PDS system.
4.5. Stability

The stability of Cu4SO4(OH)6 during the catalytic process was
evaluated by multiple cycling experiments. Experimental results
showed that Cu4SO4(OH)6 can keep good catalytic activity in three
cycles without a serious recession (Figure S11a). The XRD pattern
of Cu4SO4(OH)6 after the cycling experiment almost keep the same
with fresh Cu4SO4(OH)6, which also demonstrated that Cu4SO4(-
OH)6 is stable during this catalytic process (Figure S11b). These
results proved that Cu4SO4(OH)6 can be used as a promising
heterogeneous PDS activator for environmental remediation.
5. Conclusion

The activation of PDS has been intensively investigated and
employed for the ISCO of contaminated groundwater. Cu4SO4(OH)6
is a common mineral and as the product of corrosion of copper
metal and alloys, which is widely distributed in the natural envi-
ronment. The findings of this work revealed a novel Cu4SO4(OH)6/
PDS system for efficient degradation of organic pollutants, which
provide useful information for developing PDS based ISCO for envi-
ronmental cleaning. It was proved that Cu4SO4(OH)6 displayed the
highest catalytic performance among several common catalysts.
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Experimental results showed that �Cu in Cu4SO4(OH)6 was the
active site for PDS activation, and �S2- can maintain the recycle
of �Cu2+/Cu+. After three cycling tests, it also maintains good cat-
alytic activity, which indicates that Cu4SO4(OH)6 may be a promis-
ing catalyst for PDS activation. However, further studies are needed
to identify the intermediate products of TC-H degradation to better
understand the degradation mechanism and evaluate its practical
application. The situation of PDS activation by PMS for the degra-
dation of organic pollutants is also worthy of further study.
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